Nutrients and temperature are the major elements in maintaining stable endosymbiotic relationships. The mechanisms and response of cultured Symbiodinium cells in the absence of nitrogen, and at various temperatures are still unclear. The present study investigated the influence of different temperatures and nitrogen-deprivation on free-living Symbiodinium cultures. The physiological responses of free-living Symbiodinium cells cultured at different temperatures during nitrogen deprivation under a 12:12 h light:dark were measured. Symbiodinium cell growth was significantly lower in response to lower temperatures. Transmission electron micrographs (TEMs) revealed the formation of lipid droplets induced by nitrogen deprivation under different temperatures. The results of this study will increase our understanding of adaptive responses occurring in Symbiodinium under environmental stress.
Introduction
Symbiodinium sp. is a unicellular microalga that has mutualistic associations with invertebrates such as corals and anemones (Davy et al., 2012) . The coral host provides nutrients and carbon dioxide to Symbiodinium in hospite (Muscatine and Porter, 1977; Rodrigues and Grottoli, 2007) . In return, these microalgae transfer more than 90% of their photosynthetically fixed carbon to the host cytoplasm where they reside (Muscatine, 1980) . This mutualistic relationship enables coral to survive and remain healthy.
In more than a decade, the phenomenon of global climate change has contributed to the decline of coral reef around the world (Wilkinson, 2008) . In such case, this change might generate huge impacts to the ocean ecosystem at all levels, such as higher mean sea water level, warmer ocean, stratified ocean, increasing CO 2 level in global scale, ice cover and ocean chemistry changes (Doney et al., 2009; Duce et al., 2008; Jackson et al., 2001; Kroecker et al., 2013; Poloczanska et al., 2013) . The coral bleaching is expected to happen more frequently and become more severe due to the climate change. Environmental factors, such as nutrient levels and temperatures, play an important role in maintaining the stability of mutualistic associations between cnidarians and unicellular dinoflagellates (Belda et al., 1993; Hastie et al., 1992; Hoegh-Guldberg and Smith, 1989; Steen and Muscatine, 1987) . It was reported that coral bleaching appeared in the seawater of southern Taiwan due to the exposure of temperature at 30-318C (Mayfield et al., 2013 (Mayfield et al., , 2011 . Furthermore, when corals were exposed at 148C under the full sunlight, the reduction in photosynthetic ability caused the coral bleaching (Saxby et al., 2003) . In terms of elevated sea temperature, the stability of corals and Symbiodinium endosymbiotic relationship is yet to be determined by anthropogenic stress factor such as coastal water quality (Wooldridge, 2014) . Previous studies show that increasing nutrient levels, like dissolved nitrogen (N), in coastal water could induce some physiological impact on coral-dinoflagellate, for example, coral bleaching and reduced symbiont density (Koop et al., 2001; Marubini and Davies, 1996; Stimson, 1991; Szmant, 2002; Wiedenmann et al., 2013) . For instance, the organic carbon supply by Symbiodinium to hosts could be established depending on nutrients from various sources including exogenous sea water, host catabolism and host heterotrophy (Steen, 1986; Szmant-Froelich and Pilson, 1984) . Nitrogen, a major nutrient, is excreted as ammonium by the host (Rahav et al., 1989) . Several investigations have reported that endosymbionts could survive in nitrogen-limited environments Peng et al., 2012) . Therefore, nitrogen deprivation could alter symbiont physiologies (Weng et al., 2014) . It is likely that symbiotic cnidarians may maintain the endosymbiont density through regulation of nitrogenous waste (McAuley, 1987; Rees, 1989) . Moreover, temperature elevation alone can damage Symbiodinium cells in hospite (Sammarco and Strychar, 2013) . It has been reported that the nutrient uptake in symbionts differed under different temperatures due to stress susceptibility among corals hosting different symbionts (Baker et al., 2013) . There have been numerous studies using Symbiodinium treated with either differing temperatures or nitrogen deprivation Nitschke et al., 2015; Weng et al., 2014) .
Several studies have reported that nitrogen starvation or other environmental stressors can affect growth, morphology, and metabolism of microalgae (Hockin et al., 2012; Pasaribu et al., 2014) . For example, reduced nitrogen concentration increases lipid production in microalgae, which is stored in lipid droplets (Li et al., 2010; Piorreck et al., 1984) . Recent studies have shown that increasing the temperature variation induced lipid content accumulation in Nannochloropsis oculata (Converti et al., 2009 ). Macedo and Alegre (2001) observed that lipid content increased in Spirulina cultured with nitrogen and decreased temperatures. However, the synergistic effects between nitrogen source and different temperature treatment on cellular mechanisms of Symbiodinium are poorly known.
The present study describes the influence of different temperatures and the absence of nitrogen in the medium on cultured free-living Symbiodinium. The aim was to examine changes in cellular biology, including cell proliferation, lipid classes, and ultrastructure in free-living Symbiodinium. Symbiodinium cell proliferation was slower when samples were cultured at temperatures of 158C, than at 25 and 308C. Results showed increased formation of different lipid droplets in Symbiodinium when cultured in extreme temperatures (i.e. 15 and 308C).
Material and methods

Symbiodinium culture and treatment
The free-living Symbiodinium sp. (clade B) used in this study was obtained from National Museum of Marine Biology and Aquarium. They were maintained in the f/2 medium in filtered seawater (FSW) at room temperature under a photosynthetically active radiation (PAR) of 40 mmol m À2 s À1 in a 12-h light/12-h dark (12L/12D) cycle. For treatment, threebatch cultures were grown in the nitrogen-deficient artificial seawater with temperatures at 15, 25 and 308C, separately.
Symbiodinium clade identification
The genetic identity (18S rDNA) of the cultured Symbiodinium was examined by PCR-RFLP (polymerase chain reactionrestriction fragment length polymorphism) analysis, and it was determined as clade B. Symbiodinium DNA was extracted using a plant genomic DNA extraction miniprep system (VIO-GENE, Taipei). Basically, Symbiodinium nuclear small subunit (n18S-rDNA) was amplified by PCR from 3 replicate extracts of each of the two cultures using the primers, ss5z (an equimolar mixture of the oligonucleotides 5 0 -GCAGTTATAATT TATTTGATGGTCACTGCTAC-3 0 and 5 0 -GCAGTTATAGTTTATTT-GATGGTTGCTGCTAC-3 0 ) and ss3z (5 0 -AGCACTGCGTCAGTCC-GAATAATTCACCGG-3 0 ). The PCR products were digested by restriction enzymes, Taq I and Sau3A I (Promega, USA). The digestion products were separated by electrophoresis on 1.5% 0.5Â TAE (Amresco, USA) agarose gels, to generate the RFLP pattern. The RFLP pattern was compared to the literature (Rowan and Powers, 1991) to identify the clade of each culture.
Cell density determination
The Symbiodinium cell density was counted with haemocytometer based cell counting. Cell densities were determined daily by placing an aliquot of well-mixed culture suspension on a Neubauer hemocytometer (Marienfel, Germany) under a Axioskop2 Plus microscope (Zeiss, Germany) connected to a CCD camera (Photometrics, USA).
Lipid analyses
Lipid contents of three replicates from the nitrogendeprived culture Symbiodinium cells with temperatures 15, 25 and 308C were extracted by the Bligh and Dyer procedure (Bligh and Dyer, 1959) . Neutral lipids from Symbiodinium cells were extracted with 150 ml of chloroform/ methanol (2:1, v/v). After centrifugation, the lower chloroform fraction was collected for the analysis by thin layer chromatography (TLC) (Analtech, USA) with the solvent system modified from previous reports (Fuchs et al., 2007; Oku et al., 2003) .
The transmission electron microscopy and imaging analysis
To investigate the morphological variability of Symbiodinium cultured in different temperatures under nitrogen deprivation, Symbiodinium cells were collected and fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 100 mM sodium phosphate containing 5% sucrose (pH 7.3) for 2.5 h at 48C. They were then rinsed with 100 mM sodium phosphate buffer at 48C. Cells were then post-fixed in 1% OsO 4 in 50 mM sodium phosphate (pH 7.3) for 1 h at 48C. The cell aliquots were then washed three times for 15 min each with the same buffer and dehydrated by a graded ethanol series (50, 70, 80, 90, 95 and 100%) before embedding in LR white resin. Thin sections (70 nm) cut by a Leica Reichert Ultracut R were collected on nickel grids, post-stained with 2.5% uranyl acetate and 0.4% lead citrate, rinsed three times with water, and the samples were viewed on a JEM-1400 transmission electron microscope (JEOL, Japan).
Results and discussion
3.1. Morphology of free living cultured Symbiodinium cells Symbiodinium spp. can be either autotrophic or symbiotic in cnidarians cells. Free-living Symbiodinium cells of 5-6 mm were brown-colored and coccoid-shaped (Fig. 1A) . The size of cultured free-living Symbiodinium cells was equivalent to those of other free-living Symbiodinium species and clades (Blank and Huss, 1989) . Generally, the morphology of cultured free-living Symbiodinium cells indicated they were smaller than symbiotic cells isolated from coral . It has been reported that the most abundant Symbiodinium is coccoid yellow-brown (Freudenthal, 1962) , and is smaller than cultured Symbiodinium (Jeong et al., 2014) . In cultured free-living Symbiodinium, the intercalary bands were located at the cell surface (Fig. 1B) . The intercalary bands are known as growth bands indicating cell growth, and occur with the addition of material along plate margins in some dinoflagellates (Graham and Wilcox, 2000) .
Effect of temperature and nitrogendeprivation on Symbiodinium cell growth
Temperature is an important factor for algal growth. It strongly influences cellular chemical composition, nutrient uptake, and growth rates of all algal species. After 5 days, Symbiodinium cells cultivated in a nitrogen-deprived medium proliferated more slowly and showed increased lipid contents, than those in a nitrogen-enriched medium . To determine the most efficient way to cultivate Symbiodinium cells and induce lipid accumulation, freeliving Symbiodinium cells were subjected to different temperatures under nitrogen-deprivation, and the cultures were counted using a hemocytometer. Fig. 2 shows that when cultured under nitrogen-starvation, Symbiodinium cells have slower growth at lower temperatures (158C) than at normal temperatures (258C). However, at high temperatures (308C) growth rate was higher than at normal temperatures (258C) (Fig. 2) . As Symbiodinium cells cultured in nitrogen-deprived media showed inhibited growth with lower temperatures, higher temperatures were considered appropriate to achieve high cell concentrations. Different temperatures also affected phosphorus uptake in microalgae, with phosphorus accumulation increasing with higher temperatures compared to lower temperatures (Powell et al., 2008) . Several microalgal species can grow in extreme environments, such as high temperatures of 30-358C (Converti et al., 2009; Oliveira et al., 1999) , however, some species do not grow efficiently in temperatures above 308C and these temperatures are considered as heat stress (Bajguz, 2009) . Symbiodinium cells had the best growth rates at normal temperatures (258C) with nitrogen supply (Pasaribu et al., 2015) ; however, results from the present study indicated that Symbiodinium cells grew well in temperatures above 308C in nitrogen-free media. Other studies have reported similar results that the optimum growth of Symbiodinium could exceed the thermal break-point (>328C) (Kinzie et al., 2001; Strychar et al., 2005) . Furthermore, the response to the temperature changes was an adaptive physiological adjustment of Symbiodinium (Sammarco and Strychar, 2013) . It is feasible that Symbiodinium endosymbiont were present in nutrient-limited environment with respect to nitrogen source (Dubinsky and Berman-Frank, 2001; Wooldridge, 2010) , therefore, the stability of coral-dinoflagellate was particularly supported by interaction of temperature and nutrient.
Temperature and nitrogen-deprivation induces neutral lipid accumulation in Symbiodinium cells
Nitrogen deprivation is a nutrient limitation that disrupts algal cell metabolism. Several studies reported that microalgae cultivation under environmental stress caused slow growth and lipid accumulation (Hu and Gao, 2005; Yeesang and Cheirsilp, 2011) . Cultured free-living Symbiodinium cells were treated with low and high temperatures in a nitrogenfree medium for 7 days. The change in lipid content during the treatments was analyzed using thin-layer chromatography (TLC) (Fig. 3 ). There were no apparent differences between the temperatures during the experiment, and all temperature treatments induced neutral lipid (triacylglyceride [TAG]) accumulation on day 5. Previous studies demonstrated that nitrogen deprivation increased lipid content and lipid droplet accumulation in free-living Symbiodinium cells . These findings were similar to those of the studies involving temperature and nutrient-starved green algae, Spirulina sp. and N. oculata (Converti et al., 2009; Macedo and Alegre, 2001 ).
Ultrastructure of lipid droplets in Symbiodinium cells
The main cause of coral bleaching is extreme temperatures and if the extreme temperature persists for a long period, corals begin to die. Sammarco and Strychar (2013) concluded that during exposure to the high temperatures for soft coral for 2 days, the Symbiodinium cells were apoptotic, but the hosts adapted to the high temperature. High water temperatures can affect the endosymbiotic Symbiodinium cells. In the free-living cultures, Symbiodinium cells were in contact with the environment directly. The cells slowly proliferated, and the morphology changed due to a lower temperature or upon nitrogen deprivation Pasaribu et al., 2015) . When the temperature went up above 308C, the freeliving cultures of Symbiodinium cells did not change in terms of the growth during the nitrogen deprivation (Fig. 2) . Synergistic effects of temperature and nitrogen source on cell morphology in the Symbiodinium cells were examined using transmission electron microscopy (TEM) (Fig. 4) . After 5 days of culture in the nitrogen-deprived medium, the cell walls of Symbiodinium cells were thickened, and the lipid droplets (the major organelle) occupied most of the space in the cells (Fig. 4A and B ). Lipid droplet formation was found in Symbiodinium cells with lipid accumulation in nitrogen-deprived conditions . Lipid droplet accumulation in algae typically occurs during periods of environmental stress, including growth under nutrient-deficient conditions. Nitrogen-deprivation invariably caused a steady decline in the rate of cell growth. When algal cell divisions slow down, the synthesis of new membrane components might also slow down, and the cells transform fatty acids into triacylglycerols 
Figure 2
Growth curves of Symbiodinium cells cultivated at different temperatures under nitrogen deprivation. Temperature treatments (15, 25, and 308C) were applied to free-living Symbiodinium sp. The data represents means AE SD (n = 3). Lin et al., 2012; Wang et al., 2009) . Extreme temperature stress of low and high temperatures also induced lipid droplets in Symbiodinium cells ( Fig. 4C and E). However, numerous inclusion bodies (see the arrowhead in Fig. 4D and F) appeared inside the lipid droplets on day 5 of the nitrogen-deprivation treatment, which were not found in the normal temperature treatment (Fig. 4B ). The surface of lipid droplets in Symbiodinium cells seemed to be modified, suggesting that they might become relatively unstable. Bleaching induced similar morphological changes in Symbiodinium and its host (Dunn et al., 2007; Fujise et al., 2014) . It was presumed that under extreme temperatures, Symbiodinium used lipids earlier to survive the environmental stress. 
